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We  demonstrate  the  temperature  distribution  monitoring  of a coiled  ﬂow  channel  in  a  microwave  reactor
that was designed  for microwave-assisted  continuous-ﬂow  synthesis.  The  monitoring  is conducted  using
an optical  ﬁber  sensing  technique,  which  can  monitor  the temperature  distribution  along  the  coiled  ﬂow
channel.  The  sensing  system  successfully  observed  the inhomogeneous  nature  of  the microwave  heating,
and  the  effect  of  water  ﬂow  on  the temperature  distribution.  We  discuss  the  cause  of  the  inhomogeneous
heating  by comparing  the observed  temperature  distributions  and  the  electric  ﬁelds  inside  the  reactor,eywords:
oiled ﬂow channel
iber bragg grating
iber optic sensors
icrowave-assisted continuous-ﬂow
eactor
as calculated  by  numerical  simulations.
© 2016  The  Authors.  Published  by  Elsevier  B.V. This  is  an  open  access  article  under  the  CC  BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).emperature distribution monitoring
. Introduction
Microwave heating techniques are being widely used as syn-
hesis assists [1,2]. One of the major reasons for this is that
icrowave heating can dramatically reduce reaction times. Com-
ared with conventional synthesis assists such as oil bath heating,
icrowave heating can reduce reaction times from days and hours
o minutes and seconds [3]. To fully utilize this advantage, active
esearch and development is being conducted on microwave-
ssisted continuous-ﬂow synthesis techniques [4,5].
It is important to observe and understand the microwave
eating process to ensure the effective design and operation of
ontinuous-ﬂow microwave reactors. Various approaches are used
o observe the microwave heating process, especially by monitor-
ng the temperature of the reaction mixtures. Optical ﬁber sensors
ossess promising characteristics that can be leveraged for this pur-
ose. Optical ﬁbers are typically small in size, passive, resistant to
arsh environments and immune to electromagnetic interference
6]. There have been various reports describing successful tem-
erature monitoring using optical ﬁber sensors in electromagnetic
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/).environments [2,7–9]. It was  claimed in some works that the tem-
peratures measured at multiple points inside reaction vessels were
non-uniform [2,7,10]. This implies that the relationship between
the heating parameters, such as the input power used for the
microwaves, and the synthesis results is not straightforward with-
out having prior knowledge of the inhomogeneous temperature
distribution. Therefore, accurate monitoring of the inhomogeneous
temperature distribution is a key issue.
One of the major challenges in monitoring the inhomogeneous
temperature distributions associated with microwave heating is
the number of measurement points. It is difﬁcult to collect sufﬁ-
cient data using electromagnetically immune optical ﬁber probes,
especially in continuous-ﬂow reactors, where the inhomogeneous
temperature distribution is expected to expand over the length
of the ﬂow channel. Non-contact measurement methods such as
infrared (IR) radiometry can monitor the distributions of the tem-
perature at the surface of the reaction channels. However, it is
not always correct to assume that the surface temperature directly
corresponds to the temperature of the reaction mixtures [2,7–9].
Several optical ﬁber distributed sensing techniques have been
developed, such as optical time domain reﬂectometry (OTDR)
and optical frequency domain reﬂectometry (OFDR), which enable
monitoring of the temperature distributions along the ﬁber. OFDR
in particular possesses a high spatial resolution (on the order of
mm),  which is expected to provide abundant data to permit the
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.
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Fig. 1. Schematic of the sensing system based on OFDR.
Fig. 2. Image of the coiled channel. (The black dots on the channel wall were marked for reference purposes). (a) Overall view (b) Enlarged view.
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isualization of the distributions of the temperature in the reac-
ion mixture [11–14]. In a previous work, this technique effectively
emonstrated the capability to monitor temperature distributions
n a microwave oven [15]. In this paper, we applied an equivalent
FDR sensing system to monitor the temperature distributions in coiled ﬂow channel in a microwave reactor. The inhomogeneous
ature of microwave heating for the coiled ﬂow channel and the
ffect of the water ﬂow are to be monitored. In addition, we  dis-ot water bath.
cuss the causes of the inhomogeneous heating using electric ﬁelds
simulations.
2. Experimental2.1. Sensing system
We used a long-length ﬁber Bragg grating (FBG) with a sensing
range of approximately 50 cm.  This FBG was connected to the OFDR
436 D. Wada et al. / Sensors and Actuators B 232 (2016) 434–441
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Detector 2 is composed of two  detectors for the fast and slow polar-ig. 4. Experimental setup of the hot water bath. (a) Conﬁguration of the hot water
ath and the coiled channel. (b) The FBG region along the coiled channel.
ystem, and temperature distributions were measured along the
BG. The optical ﬁber was coated with polyimide, and its diameter
as 150 m.
We  have developed a polarization-independent OFDR sensing
ystem to interrogate the temperature distribution along the FBG.
he conﬁguration of the OFDR system are shown in Fig. 1. The laser
ource (developed by Anritsu) sweeps the wavelength, , of the
ncident light, and the light proceeds to Mirrors 1, 2, 3 and the
BG. The reﬂection lights from Mirrors 1 and 2 are interfered and
bserved using Detector 1. This signal, D1, is expressed as
1 = cos(2neff LRk), (1)
here neff is the effective refractive index of the ﬁber core, LR is
he distance between Mirrors 1 and 2 and k is the wavenumber
xpressed as k = 2/. D1 is used as an external clock signal for the
/D converter. The signal from Detector 2 is sampled at a constant
avenumber interval, k,  which is expressed as
k  = /neff LR. (2)
Fig. 6. Picture of the miFig. 5. Conﬁguration of the microwave reactor. (a) View from −Y direction (b) View
from −Z direction.
The reﬂected light from Mirror 3 and the FBG are interfered and
observed by Detector 2. This signal, D2, is approximately expressed
as
D2 =
∑
i
Ri(k) cos(2neff Lik), (3)
where Ri is the reﬂected spectrum at the i th section of the FBG,
which is located at a distance Li from Mirror 3. This approximated
description is sufﬁcient for a conceptual introduction because we
employ low-reﬂectivity FBGs in this work [16]. Eq. (3) represents
that a Bragg reﬂection spectrum at a distance Li includes the accom-
panying wave, whose frequency is proportional to Li. Therefore, we
can extract the Bragg spectra at arbitrary locations by applying a
frequency analysis to Eq. (3). In this paper, we  apply a short-time
Fourier transform (STFT) to obtain the spatial distributions of the
Bragg spectra, which is converted to temperature distributions [17].ization modes to minimize the effect associated with variations in
the polarization state. The two signals from the fast and slow modes
are summed after the demodulation by STFT.
crowave heating.
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Fig. 7. Variation of the temperature distribution when the coiled channel was  set
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Fig. 8. Variations of the temperature distributions when the water did not ﬂow.
Numbers and dotted lines correspond to the positions (−Y) indicated in Fig. 5(b).
The legends represent the exposure time. (a) Microwave input power = 50 W.  (b)
Microwave input power = 100 W.  (c) Microwave input power = 150 W.n  the hot water bath. Numbers and dotted lines correspond to the positions (−Y)
ndicated in Fig. 5(b). The legends represent the exposure time.
In this study, LR was set at 2 m.  The window length used for
he STFT, which determines the spatial resolution, is set at 200 pm.
n this case, the resolution of the wavelength was 3.4 pm,  which
as equivalent to the temperature resolution of approximately
.29 ◦C. We  obtained the temperature distributions with a spatial
esolution of 2 mm and at a rate of 1 Hz. The relationship between
he Bragg wavelength shift and the temperature shift was  experi-
entally calibrated to be 84.8 ◦C/nm. The spatial resolution of this
ystem can be adjusted up to less than 1 mm by adjusting the sig-
al processing parameter, which is the window length in the STFT.
he wavelength resolution can be adjusted up to less than 1.6 pm,
hich corresponds to the temperature resolution of 0.14 ◦C, in the
ame manner [13].
.2. Experimental setup
We  conducted two experiments. One used a hot water bath to
onﬁrm that the FBG was appropriately set in the coiled channel
nd to validate the temperature distribution measurement capa-
ilities. The other involved measuring the temperature distribution
n the microwave reactor. For both cases, we used the same coiled
hannel with the FBG set inside.
.2.1. Hot water bath
An image of the coiled channel is shown in Fig. 2. The chan-
el was fabricated from borosilicate glass. The coil diameter and
he pitch were 27.5 mm and 19.2 mm,  respectively. The ﬂow-path
ength and volumetric capacity per pitch were 77.8 mm and 1.13 ml,
espectively. The total number of turns was 13. T-tubes were set at
ne end of the coiled channel. The FBG was inserted manually inside
he channel, and its location was ﬁxed at one end of the T-tubes
sing clay.
The picture and the setup of the experiment using the hot water
ath are shown in Figs. 3 and 4, respectively. The Y axis of the
oordinate system shown in Fig. 4 corresponds to the direction of
ravity. The coiled channel made contact with the hot water at the
ottom (+Y) region of the coil. As seen in Fig. 4(b), the numbers 1–13
ere assigned at every top (−Y) pitch position to provide a posi-
ion reference. The FBG region starts at the +Z location between the
rd and 4th turns (counting from −X) and ends at the +Z location
etween the 9th and 10th turns. The coiled channel was  ﬁlled with
ater, and there was no water ﬂow in this case. The temperature ofhe bath water was kept at 80 ◦C. The variations in the temperature
istributions were monitored in real time by the OFDR system as
e set the coiled channel in the bath.
Fig. 9. Observed thermogram at 90 s of exposure times, microwave input
power = 150 W and without water ﬂow. Numbers correspond to the positions indi-
cated in Fig. 5(b).
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Fig. 10. Time variations of the temperature distributions at a water ﬂow rate
of  6 ml/min. Numbers and dotted lines correspond to the positions (−Y) indi-
cated in Fig. 5(b). The legends represent the exposure time. (a) Microwave input
power = 100 W.  (b) Microwave input power = 150 W.
Fig. 11. Observed thermogram at 90 s of exposure times, microwave input
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the data are recorded at a rate of 1 Hz. Over the whole regionower = 150 W and water ﬂow rate = 6 ml/min. Numbers correspond to the positions
ndicated in Fig. 5(b).
.2.2. Microwave heating
Fig. 5 shows the conﬁguration of the microwave reactor used
n this study. We  used a frequency-controlled magnetron (IDX
o., Ltd., IMG-2502B), which oscillated the microwaves at 1000 W,
nd a power divider (NIHON KOSHUHA Co., Ltd., WPD-0211B)
o divide and supply microwaves to the reactor (IDX Co., Ltd.,
QC-CA0003). We  used an auto tuner (NIHON KOSHUHA Co., Ltd.,
MC-02N4E05C-15) to cancel the reﬂection power. The supplied
ower was measured by a power monitor (Micro Denshi Co., Ltd.,
M10-DM). The width (along the Z axis) and height (along the axis) of the waveguide were 54.6 mm and 109.2 mm,  respec-
ively. We  used the same coiled channel with the FBG as in the
ot water experiment. The coiled channel was set at the center ofFig. 12. Variations in the average temperature along the length of the FBG when 50,
100 and 150 W microwave was input with and without the water ﬂow.
the waveguide. We  set the ﬂow rate of the water for two  cases:
0 ml/min (no ﬂow) and 6 ml/min, which corresponded to a veloc-
ity of 413 mm/min  along the ﬂow path. Fig. 6 shows a picture of
the microwave heating setup. The waveguide was composed of a
meshed wall on one side (−Z side). An IR radiometry was  set on the
side to observe the surface temperature proﬁles of the ﬂow channel
for reference.
We conducted OFDR measurements and observed the spatial
distribution and time variation of the temperature as a result of the
inﬂuence of microwaves. We  conducted the observation for several
input microwave powers, 50, 100 and 150 W,  and for the two  water
ﬂow rates. The temperature distributions were monitored in real
time.
3. Results
3.1. Hot water bath
Fig. 7 shows the temperature distributions when the coiled
channel was set in the hot water bath. The time represents the
exposure time to the bath. The temperature distributions at 0, 10,
30 and 150 s are shown. The temperature gradually increased over
time. In addition, periodic temperature variations were observed
along the position. The coiled channel made contact with the hot
water at the bottom (+Y, as seen in Fig. 4), which corresponded to
the regions shown between the dotted lines in Fig. 7. We observed
agreement between the high temperature region and the hot water
contact area. The maximum temperature was 67 ◦C. The difference
from the bath temperature of 80 ◦C was  thought to be mainly due
to the thermal radiation at the exposed region of the coiled chan-
nel to air. We  could observe that the peak temperatures for the
periodic variations along the position were equal. These results
conﬁrmed that the FBG was set appropriately in the coiled channel
and demonstrated that the sensing system possessed the capabil-
ity to distinguish the temperature distributions, even within each
individual turn of the coiled channel.
3.2. Microwave heating
Fig. 8 shows the temperature distributions for the different
microwave heating conditions without water ﬂow. The time rep-
resents the exposure time to the microwave. The temperature
distributions are shown for every 60 s at 50 W of microwave power
and for every 30 s at 100 W and 150 W of microwave power, thoughthe temperature gradually increased with time for all cases. The
inhomogeneous temperature distributions were clearly observed
especially in the case of 100 W and 150 W microwave input. The
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t
cFig. 13. Simulation result of the electric ﬁeld in the waveguide ateak temperature regions agreed with the positions indicated by
he dotted line, which corresponded to the −Y positions of the
oiled channel, as seen in Fig. 4(b). Fig. 9 shows an example ofdual phases. The input power of the microwave was normalized.thermograms observed using external IR radiometry at 90 s for
150 W without water ﬂow. The non-uniformity of the tempera-
ture was  visually observed. Positions 4, 5, 7 and 8 showed higher
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emperatures. This inhomogeneous tendency agreed well with the
easurement results from the OFDR sensing system, as seen in
ig. 8(c) (90 s). The temperature values from the IR radiometry at
iscrete points are plotted in Fig. 8(c) (IR 90 s). The temperature
alues observed by IR radiometry were relatively lower than those
easured by the FBG. This indicated the importance of directly
easuring temperature distributions to obtain an accurate eval-
ation of the heating process.
Fig. 10 shows the temperature distributions for the different
icrowave heating conditions at a water ﬂow rate of 6 ml/min. In
his case, the temperature gradually increased with time over the
hole region for all cases, and the temperature distributions were
ore uniform than those obtained for no water ﬂow, as seen in
ig. 8. The temperature tended to have higher values at the input
ide of the microwave (−X). This tendency was also observed by
R radiometry, as seen in the thermogram shown in Fig. 11. The
emperature measurements using IR radiometry at discrete points
ere obtained and plotted in Fig. 10(b) (IR 90 s) and were rela-
ively lower than those measured by the FBG. One of the reasons
or this relative uniformity in the temperature distributions was
he ﬂow of the hot water. For a ﬂow of 6 ml/min, a unit volume
f water travels 206 mm in 30 s. In addition, it was  believed that
he microwave heating tended to concentrate at higher tempera-
ure regions and that water ﬂow helped diffuse the concentrated
eating. It is therefore believed that based on these results, the
nhomogeneous nature of the heating may  be suppressed if an
ppropriate ﬂow rate is used.
Fig. 12 shows the time variations in the average temperatures
long the FBG region for microwave input powers of 50, 100 and
50 W,  both with and without water ﬂow. The monitoring time
uration is different for each test case because we  set the duration
ime individually to avoid letting the local temperatures exceed
00 ◦C. The curves were not smooth, especially for microwave input
owers of 50 and 100 W and without water ﬂow. We used the
ame experimental setup, sensing system and parameters as in the
ther cases. We  could not determine whether this was due to the
ctual phenomenon or the measurement conditions. For all cases,
he average temperature increased with time. A higher microwave
nput power resulted in a higher temperature increase rate. From
–50 s, the initial rates of the temperature increase were 1.6 ◦C/10 s
or 50 W without water ﬂow, 3.1 and 3.8 ◦C/10 s for 100 W without
nd with water ﬂow, respectively, and 5.1 and 5.4 ◦C/10 s for 150 W
ithout and with water ﬂow, respectively. The initial rates of the
emperature increase were approximately linearly related to the
icrowave input power regardless of the water ﬂow. This ﬁnding
ndicated that the microwave heating applied the same amount of
eat to the water as long as the microwave input power was equal.
t was also observed that the average temperature with water ﬂow
ventually reached a constant value. The ﬁnal temperature was
1 ◦C for 100 W of microwave input power and 97 ◦C for 150 W.
Based on these results, it was demonstrated that inhomoge-
eous heating occurred in relation to the geometry of the coiled
ow channel. However, with the appropriate water ﬂow rate, the
emperature can be increased relatively uniformly, and the tem-
erature will reach a constant value depending on the microwave
nput power. A stable heating process and simple heating opera-
ion can be expected for continuous ﬂow synthesis by setting the
ppropriate ﬂow rate.
. Discussions with an electric ﬁeld simulation resultWe  conducted an electric ﬁeld simulation in the waveguide
sing the CST Microwave Studio (Computer Simulation Technol-
gy). Fig. 13 shows the simulation results. In this simulation, the
icrowave input power in the waveguide was normalized to 1 W.tors B 232 (2016) 434–441
A water ﬂow of 0 ml/min was  assumed. The material properties of
the water were assumed to be constant and to not vary as a result
of the temperature variations. The numbers 4–9 were displayed for
the position reference in accordance with Fig. 4(b). Generally, the
−Y side of the coiled channel exhibited a stronger electric ﬁeld. This
asymmetry was caused by the asymmetric nature of the direction of
the coil. In this case, the coiled channel was  right-hand coiled along
the X-axis. In addition, there was a periodic ﬂuctuation in the elec-
tric ﬁeld intensity along the X-axis. For the regions where the FBG
was mounted, the 4th, 5th, 7th and 8th turns experienced stronger
electric ﬁelds and the 6th and 9th turns experienced weak electric
ﬁelds. These simulation results agreed well with the experimen-
tal results, especially those in Fig. 8(b) and (c), where the −Y sides
indicated by dotted lines had similar temperature peaks and the 6th
and 9th turns exhibited a lower temperature. This simulation model
had simpliﬁcations, such as the temperature independency of the
dielectric property of the water. However, it was indicated that the
electric ﬁeld simulation could effectively contribute to predicting
the general tendency of inhomogeneous heating.
5. Conclusions
In this study, we demonstrated a method to measure the
temperature distribution in a coiled ﬂow channel experiencing
microwave heating conditions. The measurements were conducted
using an OFDR sensing system, which monitored the temperature
distributions at a rate of 1 Hz and a spatial resolution of 2 mm.
The sensing system successfully observed the temperature dis-
tributions in the water in the coiled ﬂow channel for different
microwave heating conditions. Inhomogeneous heating occurred
in relation to the geometry of the coiled ﬂow channel. If there was
water ﬂowing, the temperature increased in a relatively uniform
way and the temperature reached a constant value. A stable heat-
ing process and simple heating operation can thus be achieved for
continuous ﬂow synthesis by using the appropriate ﬂow rate.
The electric ﬁeld simulation results and measured temperature
distributions agreed well. We demonstrated that the electric ﬁeld
simulation could contribute effectively to predict the general ten-
dency of the inhomogeneous heating. This result has motivated
further research into the simulation approach, including the ﬂow
and temperature dependency of the material properties of the tar-
get mixtures.
The combination of the direct monitoring of temperature
distributions and the electric ﬁeld simulations contributes to
the estimation of the microwave heating process and to the
development of a more effective design and operation for
microwave-assisted continuous-ﬂow synthesis using coiled ﬂow
channels.
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